Abstract Glutathione reductase (GR) catalyzes the reduction of glutathione disulfide (GSSG) to reduced glutathione (GSH) and participates in the ascorbate-glutathione cycle, which scavenges H 2 O 2 . Here, we report that chloroplastic/mitochondrial GR2 is an important regulator of leaf senescence. Seed development of the homozygous gr2 knockout mutant was blocked at the globular stage. Therefore, to investigate the function of GR2 in leaf senescence, we generated transgenic Arabidopsis plants with decreased GR2 using RNAi. The GR2 RNAi plants displayed early onset of age-dependent and darkand H 2 O 2 -induced leaf senescence, which was accompanied by the induction of the senescence-related marker genes SAG12 and SAG13. Furthermore, transcriptome analysis revealed that genes related to leaf senescence, oxidative stress, and phytohormone pathways were upregulated directly before senescence in RNAi plants. In addition, H 2 O 2 accumulated to higher levels in RNAi plants than in wild-type plants and the levels of H 2 O 2 peaked in RNAi plants directly before the early onset of leaf senescence. RNAi plants showed a greater decrease in GSH/GSSG levels than wild-type plants during leaf development. Our results suggest that GR2 plays an important role in leaf senescence by modulating H 2 O 2 and glutathione signaling in Arabidopsis.
INTRODUCTION
Glutathione (g-l-glutamyl-l-cysteinylglycine) is a multifunctional metabolite in plants. It is an important regulator of gene expression, cell signaling, the cell cycle, plant development, and cell death, and plays essential roles in processes such as glyoxylase and formaldehyde metabolism, sulfur assimilation, and the Calvin-Benson and Krebs cycles . Glutathione exists in two forms: a reduced form (GSH) and an oxidized form (GSSG). Under normal growth conditions, more than 90% of the glutathione in plant cells is in the reduced form . As most physiological functions of glutathione in plants are attributed to its reduced form (Alscher 1989) , normal growth and development depend on the presence of a high proportion of GSH. GSH synthesis in chloroplasts and cytosols and reduction of GSSG to GSH by glutathione reductase (GR, EC 1.6.4.2) maintain high proportions of GSH (Noctor and Foyer 1998; Asada 1999) .
GSSG is reduced to GSH by GR in the ascorbate-glutathione cycle, an important reactive oxygen species (ROS)-scavenging pathway present in almost all cellular compartments in plants (Mittler 2002) . In this cycle, ascorbate peroxidase reduces H 2 O 2 to water and concurrently oxidizes ascorbate to monodehydroascorbate. The reduction of monodehydroascorbate occurs via the catalytic action of monodehydroascorbate reductase, which uses NAD(P)H as an electron donor. Monodehydroascorbate can also disproportionate to dehydroascorbate and ascorbate. Dehydroascorbate can then be reduced to ascorbate by dehydroascorbate reductase, an enzyme that uses GSH as an electron donor, resulting in the formation of GSSG. GSSG in turn is re-reduced to GSH by GR, in a reaction that uses reduced form of nicotinamide adenine dinucleotide phosphate (NADPH) as an electron donor (Asada 1999; Foyer and Noctor 2005) . Thus, GR maintains the cellular glutathione redox status and thereby protects plants against oxidative stress (Mittler 2002; Noctor et al. 2012) .
Subcellular fractionation studies detected GR activities in the chloroplast, cytosol, mitochondria, and peroxisome in many plant species (Edwards et al. 1990; Jim enez et al. 1998; Kataya and Reumann 2010) . GR activities differ both in different cellular compartments and in different species. In Pisum sativum (pea) and Nicotiana tabacum (tobacco) plants, most GR activity is found in the chloroplast. For example, in pea plants, about 77% of the total GR activity is in the chloroplast and only about 20% and 3% is in the cytosol and mitochondria, respectively (Edwards et al. 1990 ). In tobacco plants, about 70% of total GR activity is in the chloroplast (Ding et al. 2009 ). Two genes, GR1 (At3g24170) and GR2 (At3g54660), encode GR in Arabidopsis. The subcellular distribution of GR activities in Arabidopsis differs from that in pea and tobacco plants, with GR1 activity localizing to the cytosol and peroxisomes (Marty et al. 2009; Kataya and Reumann 2010) and GR2 to chloroplasts and mitochondria (Creissen et al. 1995; Chew et al. 2003; Yu et al. 2013) . GR1 accounts for 40% to 65% of the total GR activity in Arabidopsis leaves (Marty et al. 2009; Mhamdi et al. 2010; Yu et al. 2013 ).
The possible roles of GR in different cellular compartments have been investigated extensively. Elevated levels of cytosolic GR activity in transgenic tobacco plants have no effect on the size of the glutathione pool and the reduction status of glutathione under optimal or oxidative conditions (Foyer et al. 1991) . In Arabidopsis, GR1 does not affect plant development under normal growth conditions (Marty et al. 2009 ). However, GR1 plays an essential role in H 2 O 2 metabolism and signaling (Mhamdi et al. 2010) . By contrast, chloroplastic GR improves resistance to abiotic stresses. Transgenic tobacco, poplar, and Gossypium hirsutum (cotton) plants with enhanced chloroplastic GR activities had increased resistance to oxidative stress caused by ozone, paraquat, high light, or chilling stresses (Aono et al. 1993; Broadbent et al. 1995; Foyer et al. 1995; Payton et al. 2001; Kornyeyev et al. 2003) . By contrast, tobacco plants with decreased chloroplastic GR activity were more sensitive than the wild type to oxidative stress caused by paraquat or chilling stresses (Aono et al. 1995; Ding et al. 2009 Ding et al. , 2012 . Moreover, mutation of Arabidopsis GR2 is lethal in early embryo development (Tzafrir et al. 2004; Marty et al. 2009) , suggesting that GR2 is crucial for several aspects of plant development, even under normal growth conditions. Indeed, recent work showed that GR2 is essential for root apical meristem maintenance in Arabidopsis, as it regulates the glutathione redox status under normal growth conditions (Yu et al. 2013) .
To date, the functions of GR2 in leaf development remain unclear. Here, we report that Arabidopsis GR2 regulates leaf senescence and embryo development. GR2 RNAi plants showed early onset of age-dependent and dark-and H 2 O 2 -induced leaf senescence, accumulated high levels of H 2 O 2 , and exhibited enhanced sensitivity to H 2 O 2 . Transcriptome analysis revealed that the expression of genes related to oxidative stress, leaf senescence, and phytohormone pathways was upregulated in GR2 RNAi plants. These results demonstrate that GR2 plays an important role in leaf senescence by modulating H 2 O 2 and glutathione signaling in Arabidopsis.
RESULTS

GR2 is essential for embryo development
Previous work suggested that GR2 deletion is embryonic lethal (Tzafrir et al. 2004) . To investigate how GR2 deletion affects embryo development, we examined the gr2 mutant (Salk_040170), which contains a T-DNA insertion in exon 9 of At3g54660 ( Figure S1A ). We found no homozygous gr2 mutant plants and heterozygous gr2 plants showed a wildtype phenotype. Whereas the developing siliques of wild-type plants contained green seeds, those of heterozygous gr2 plants contained both green and white seeds ( Figure S1B ). In mature siliques, the seeds of the gr2 mutant were small and shriveled and could not germinate ( Figure S1C ). About onequarter of the embryos were aborted, which is consistent with the trait being controlled by a single, recessive allele. To identify which stages of embryogenesis were arrested in the gr2 mutant, we examined the embryos in the cleared seeds of a developmental series of siliques. We found that development of the homozygous gr2 seeds was blocked at the globular stage, whereas embryos in wild-type and heterozygous gr2 seeds underwent normal development ( Figure S1D ).
To confirm that GR2 was responsible for the embryo-lethal phenotype of the gr2 mutant, we introduced full-length GR2 under the control of the 35S promoter into heterozygous gr2 plants. The complemented plants showed normal embryonic development, as observed in wild-type plants ( Figure S1B, C) . Thus, this indicates that the mutation in GR2 is responsible for the embryo-lethal phenotype of gr2.
GR2 is highly expressed in mature and senescent leaves GR2 is expressed throughout the seedling and is widely expressed in various organs and tissues in Arabidopsis, including roots, leaves, flowers, and siliques (Yu et al. 2013) . We examined the expression of GR2 in developing young leaves, mature leaves, and senescent leaves, using the senescence-associated gene (SAG) SAG13 as a senescence marker (Schippers et al. 2008) . Reverse transcription-polymerase chain reaction (RT-PCR), GUS staining, and quantitative real-time PCR analyses showed that GR2 was expressed throughout leaf development, but was highly expressed in mature and senescent leaves (Figure 1 ), suggesting that GR2 might be involved in leaf development.
Generation of transgenic plants with decreased GR2 expression
To investigate the functions of GR2 in leaf development, we generated transgenic Arabidopsis plants with decreased levels of GR2 using RNAi technology. We selected three independent RNAi lines (igr2-7, igr2-9, and igr2-14) with greatly reduced GR2 mRNA levels and used the T4 progeny of these lines in subsequent analyses. Using 3-week-old seedlings, we compared the GR2 mRNA levels, GR2 protein levels, and GR activity between wild-type and RNAi plants (Figure 2 ). GR2 mRNA levels were significantly reduced in the three RNAi lines (Figure 2A, B) . Quantitative real-time PCR showed that the level of GR2 transcript was about 50% in igr2-7 plants and about 10% in igr2-9 and igr2-14 compared to that in wild-type plants (Figure 2A, B) . Immunoblot analysis using antiserum specific for Arabidopsis GR2 identified a protein band of about 58 kDa. The GR2 protein level in igr2-7, igr2-9, and igr2-14 plants decreased to about 50, 10, and 10% of that in wild-type plants, respectively ( Figure 2C ). The total GR activity in the leaves of igr2-7, igr2-9, and igr2-14 plants decreased to 70, 39, and 40% of that in wild-type plants, respectively ( Figure 2D ). GR1 was reported to account for 40%-65% of the total GR activity in Arabidopsis leaves (Marty et al. 2009; Mhamdi et al. 2010 ). Thus, GR2 activity is greatly inhibited in igr2-9 and igr2-14 plants.
Decreased GR2 promotes early leaf senescence Whereas the igr2-7 plants showed no aberrant phenotype, the igr2-9 and igr2-14 plants were smaller than the wild type ( Figure 3A) . The leaf area of igr2-9 and igr2-14 plants was about 40% less than that of wild-type plants at 30 d after seed germination ( Figure 3B ). Early leaf senescence symptoms were observed at the flowering stage in igr2-9 and igr2-14 plants, but not in the wild-type and igr2-7 plants ( Figure 3C ). These results prompted us to investigate how GR2 influences leaf senescence. We harvested the fourth rosette leaves of wild-type and RNAi plants at the indicated time points. We observed early onset of leaf senescence in igr2-9 and igr2-14 plants ( Figure 4A ). Leaf senescence was further characterized by examining well-established physiological parameters for leaf senescence, including chlorophyll content, maximal efficiency of PSII photochemistry (F v /F m ), malondialdehyde (MDA) content, and membrane ion leakage (Lim et al. 2007 ). Chlorophyll contents started to decrease at 45 d in wild-type plants but at 35 d in igr2-9 and igr2-14 plants. Moreover, igr2-9 and igr2-14 plants showed a greater decrease in chlorophyll levels than did the wild-type plants ( Figure 4B ). Similar results were observed for F v /F m in wild-type and igr2-9 and igr2-14 plants ( Figure 4C ). The MDA content started to increase at 40 d in wild-type plants, but already at 30 d in the igr2-9 and igr2-14 plants, and the increase was much greater in igr2-9 and igr2-14 plants than in wild-type plants ( Figure 4D ). The patterns for membrane ion leakage in wild-type and igr2-9 and igr2-14 plants were similar to those observed for MDA content ( Figure 4E ).
To further characterize early leaf senescence in igr2-9 and igr2-14 plants, we examined the expression of two established senescence marker genes, SAG12 and SAG13 ( Figure 4F , G). SAG13 expression, which is associated with oxidative stress and senescence (Weaver et al. 1998) , was detected starting at day 35 in igr2-9 and igr2-14 plants, but only starting at day 45 in wild-type plants. SAG13 expression in igr2-9 and igr2-14 plants was about 200-fold higher at day 50 than in wild-type plants ( Figure 4F ). Expression of SAG12, a hallmark of age-induced senescence (Weaver et al. 1998) , was detected starting at day 40 in igr2-9 and igr2-14 plants, but starting at day 50 in wildtype plants. At day 55, SAG12 expression was about 80-fold higher in igr2-9 and igr2-14 plants than in the wild type ( Figure 4G ).
Decreased GR2 leads to a change in glutathione redox status during leaf development Glutathione reductase regulates the redox status of glutathione pools, indicated as the GSH/GSSG ratio, by catalyzing the reduction of GSSG. To investigate how decreased GR2 affects the GSH/GSSG ratio during leaf development, we measured the glutathione pools in wild-type and RNAi plants ( Figure 5 ). We found that total glutathione (GSH þ GSSG), GSH, and GSSG contents increased gradually in young leaves during leaf development, peaked in mature leaves, and then decreased considerably in senescent leaves in wild-type and RNAi plants ( Figure 5A-C) . However, total glutathione, GSH, and GSSG contents peaked much earlier in igr2-9 and igr2-14 plants than in wild-type plants. Total glutathione and GSH contents peaked at 20 d after leaf emergence in igr2-9 and igr2-14 plants, but at 35 d in wild-type plants. GSSG content peaked at 35 d in igr2-9 and igr2-14 plants, but at 45 d in wild-type plants. In addition, the increase in total glutathione, GSH, and GSSG contents in young leaves was much greater in igr2-9 and igr2-14 plants than in wild-type plants. By contrast, the decrease in GSH and GSSG contents in senescent leaves was much greater in igr2-9 and igr2-14 plants than in wild-type plants. The GSH/GSSG ratio decreased with leaf development in wild-type and RNAi plants and the decrease was much greater in igr2-9 and igr2-14 plants than in wild-type plants. Moreover, the GSH/GSSG ratio was much lower in igr2-9 and igr2-14 plants than in wild-type plants ( Figure 5D ). Similar changes in glutathione content during leaf senescence have been reported in Arabidopsis and Triticum aestivum (wheat) (Pavet et al. 2005; Li et al. 2014) .
Decreased GR2 results in elevated levels of H 2 O 2 The reaction catalyzed by GR is part of the ascorbateglutathione cycle, which scavenges H 2 O 2 (Asada 1999 Figure S2 ). DAB (3,3 0 -diaminobenzidine tetrachloride) staining showed that the level of H 2 O 2 increased slightly with leaf development and peaked at around 40 d after leaf emergence in wild-type plants, whereas the level of H 2 O 2 peaked at 30 d and then decreased slightly in igr2-9 and igr2-14 plants. Furthermore, the level of H 2 O 2 was greater in igr2-9 and igr2-14 plants than in wild-type plants ( Figure S2A ). NBT (4-nitroblue tetrazolium chloride) staining and Singlet Oxygen Sensor Green (SOSG) fluorescence analysis showed that the levels of O 2
•À and 1 O 2 remained low in young leaves and increased after leaf maturation in wild-type and GR2 RNAi plants. There was no difference in the levels of O 2
•À and 1 O 2 in young or senescent leaves between wild-type and igr2-9 and igr2-14 plants ( Figure S2B, C) .
We then quantified the level of H 2 O 2 using an improved spectrophotometric assay (Figure 6 ). The H 2 O 2 contents both in young and senescent leaves were higher in igr2-9 and igr2-14 plants than in wild-type plants. The H 2 O 2 content increased rapidly in the young leaves of igr2-9 and igr2-14 plants and peaked at 30 d after leaf emergence. However, in the young leaves of wild-type plants, the H 2 O 2 content increased slowly, peaked at 40 d, and then decreased slightly. Taken together, these results show that H 2 O 2 accumulates to higher levels in the leaves of igr2-9 and igr2-14 plants than in wild-type plants during development.
Decreased GR2 leads to accelerated darkness-and H 2 O 2 -induced leaf senescence H 2 O 2 accumulation has been proposed to function as a signal in senescence in Arabidopsis (Foyer and Noctor 2005; Zentgraf and Hemleben 2008; Smykowski et al. 2010) . Thus, the early leaf senescence observed in igr2-9 and igr2-14 plants may be associated with elevated levels of H 2 O 2 . To further examine Figure 2 . The levels of GR2 mRNA, GR2 protein, and total glutathione reductase (GR) activity in wild-type (wt) and GR2 RNAi (igr2-7, igr2-9, and igr2-14) plants (A) GR2 mRNA levels determined by RT-PCR. (B) GR2 mRNA levels analyzed by real-time PCR. (C) GR2 protein levels. (D) Total GR activity. Three-week-old seedlings were used to compare GR2 mRNA levels, GR2 protein levels, and total GR activity between wt and RNAi plants. Specific primers used are listed in Table S1 . The values shown are means AE SD of three independent experiments. this possibility, we investigated the response of wild-type and RNAi plants to a 3-d exposure to elevated H 2 O 2 (10 mM) ( Figure 7 ). To quantify the leaf senescence induced by elevated H 2 O 2 , we examined the four physiological parameters and two senescence marker genes described above in the fourth rosette leaves at 20 d after emergence. Indeed, we detected signs of senescence in the leaves of igr2-9 and igr2-14 plants ( Figure 7A ). Elevated H 2 O 2 induced a decrease in chlorophyll and F v /F m and an increase in MDA content and membrane ion leakage in wild-type and RNAi plants. However, compared to wild-type plants, igr2-9 and igr2-14 plants showed a greater decrease in chlorophyll content and F v /F m and a greater increase in MDA content and membrane ion leakage ( Figure 7B ). In addition, the expression of SAG13 and SAG12 was higher in igr2-9 and igr2-14 plants than in wild-type plants after exposure to elevated levels of H 2 O 2 ( Figure 7C ). These results indicate that the leaves of igr2-9 and igr2-14 plants are more sensitive to H 2 O 2 -inducible senescence than are those of wild-type plants.
Continuous darkness can induce leaf senescence in whole plants and detached leaves (Lin and Wu 2004; Chen et al. 2011) . Therefore, we next examined whether GR2 is also involved in darkness-induced leaf senescence ( Figure 8 ). After dark treatment, the leaves of igr2-9 and igr2-14 plants were more yellow than those of wild-type plants ( Figure 8A ). Darkness resulted in a decrease in chlorophyll contents and F v /F m , an increase in MDA contents, and membrane leakage in wild-type and RNAi plants. However, there was a greater decrease in chlorophyll content and F v /F m and a greater increase in MDA content and membrane leakage in igr2-9 and igr2-14 plants than in wild-type plants ( Figure 8B ). We also measured SAG12 and SAG13 mRNA levels by real-time PCR and found that these genes were induced earlier and to a greater extent in leaves of igr2-9 and igr2-14 plants than those in wildtype plants ( Figure 8C ). In addition, H 2 O 2 accumulated to greater levels in igr2-9 and igr2-14 plants than in wild-type plants during dark treatments ( Figure 8D ). These results suggest that decreased GR2 also promotes darkness-induced leaf senescence.
We further investigated whether GR2 expression is induced by elevated H 2 O 2 exposure and continuous darkness. Detached leaves of wild-type plants (3-week-old seedlings) were treated with 10 mM H 2 O 2 and continuous darkness. GR2 expression was induced 6 h after exposure to H 2 O 2 and levels of expression remained high for 3 d in the presence of H 2 O 2 ( Figure S3A ). In addition, GR2 expression was induced 12 h after exposure to continuous darkness and levels remained elevated until 5 d after exposure to continuous darkness ( Figure S3B ). These data suggest that GR2 regulates the leaf senescence induced both by elevated H 2 O 2 and continuous darkness. Decreased GR2 induces the expression of genes related to oxidative stress, senescence, and phytohormones To examine the function of GR2, we conducted microarray experiments that compared the transcriptome profiles of the fourth leaves (at 20 d after emergence) of wild-type and igr2-9 plants. At this age, there was no visible sign of leaf senescence. We selected genes that were differentially expressed (with a !2-fold change cut-off) in wild-type and Figure 4 . Age-dependent senescence in wild-type (wt) and GR2 RNAi (igr2-7, igr2-9, and igr2-14) plants (A) Morphologies of leaves. Bars ¼ 5 mm. (B, C, D, and E) Measurements of chlorophyll content, F v /F m , malondialdehyde (MDA) content, and membrane ion leakage. (F, G) Expression of the senescence-related marker genes, SAG12 and SAG13. Transcript levels were determined by real-time PCR using ACT2 as an internal control. For SAG13, the relative transcript levels detected at day 35 in igr2-9 plants were assigned a value of 1 after normalization to ACT2 transcript levels. For SAG12, the relative transcript levels detected at day 40 in the igr2-9 plant were assigned a value of 1 after normalization to ACT2 transcript levels. The fourth rosette leaves from wt and RNAi plants grown in soil were sampled at the indicated days after emergence. The values are means AE SD of three independent experiments. igr2-9 plants for GO analysis. We conducted a Fisher's test to calculate the significance of the percentage distribution of GO annotations for comparison with those in the whole genome ( Figure 9 ). We identified 494 genes that were upregulated and 629 genes that were downregulated genes in igr2-9 compared with wild-type plants (Table S2) . Genes upregulated by decreased GR2 expression had GO annotations highly associated with "response to stress" and "response to abiotic or biotic stimulus", with a P-value of 2.21Â10 À15 and 1.63Â10 À9 , respectively ( Figure 9A ), suggesting that stress-responsive genes are overrepresented in igr2-9 plants. Furthermore, genes upregulated by decreased GR2 expression were highly related to "response to oxidative stress", "defense response", and "leaf senescence", with P-values of 2.05Â 10
, and 2.24Â10 À4 , respectively ( Figure 9B ). In addition, genes upregulated by decreased GR2 expression were highly related to "salicylic acid and jasmonic acid mediated signaling pathways" and to "responses to ethylene, jasmonic acid, salicylic acid, and abscisic acid stimulus" ( Figure 9B ). These results suggest that GR2 regulates the response to oxidative stress, leaf senescence, and . Changes in glutathione pool size in wild-type (wt) and GR2 RNAi (igr2-7, igr2-9, and igr2-14) plants during leaf development
The fourth rosette leaves from wt and RNAi plants grown in soil were harvested at the indicated days after emergence and used for glutathione extraction. Six independent biological replicates were performed. The values are means AE SD (n ¼ 6). (C) Expression of the senescence-related marker genes, SAG12 and SAG13. Transcript levels were determined by real-time PCR using ACT2 as an internal control. For SAG13, the relative transcript levels detected in wt after H 2 O 2 treatments were assigned a value of 1 after normalization to the ACT2 transcript levels. For SAG12, the relative transcript levels detected in wt after H 2 O 2 treatments were assigned a value of 1 after normalization to the ACT2 transcript levels. SAG12 and SAG13 expression was not detected in wt and RNAi plants in the absence of the H 2 O 2 treatment. The fourth rosette leaves at 20 d after emergence were used in the experiments. The values are means AE SD of three independent experiments.
phytohormone pathways. Further analysis indicated that several groups of genes involved in "response to high light", "response to heat", "response to wounding", and "response to water deprivation" were significantly overrepresented in igr2-9 plants as compared to the whole genome. However, GR2 may not be involved in all types of stress response, such as cold stress since genes involved in cold stress were not affected in igr2-9 plants ( Figure 9B ). To confirm that genes identified as being differentially expressed in the microarray analysis were indeed up-or downregulated in igr2-9 plants, we examined the expression of selected genes by real-time PCR (Table 1) . Senescencerelated genes, such as NAC053, WRKY53, SEN1, and NAC2, were about 6-, 10-, 7-, and 7-fold more strongly expressed, respectively, in igr2-9 plants than in the wild type. The expression of oxidative stress-related genes, such as GRXS13, CDSP32, and APX2, and several defense-related genes, such as SOT12, PR1, and HYS1, were upregulated in igr2-9 plants. In addition, the expression of phytohormone-related genes, such as ERF1, PDF1.2A, ERF13, WRKY50, and EDL3, were upregulated in igr2-9 plants. Therefore, these results suggest that decreased GR2 may induce the expression of oxidative stress-, senescence-, and phytohormone-related genes before senescence.
DISCUSSION
Glutathione reductase reduces GSSG to GSH in the ascorbateglutathione cycle, which scavenges H 2 O 2 (Foyer and Noctor 2009). Arabidopsis GR1 is localized to the cytosol and peroxisomes. GR1 is not required for growth in optimal conditions but plays an important role when intracellular H 2 O 2 production is increased and during pathogen challenge (Marty et al. 2009; Kataya and Reumann 2010; Mhamdi et al. 2010) . Arabidopsis GR2 localizes to chloroplasts and mitochondria (Creissen et al. 1995; Chew et al. 2003) . Many studies have shown that chloroplastic GR plays an important role in protecting plants against environmental and oxidative stresses (Aono et al. 1993 (Aono et al. , 1995 Foyer et al. 1995; Broadbent et al. 1995; Payton et al. 2001; Kornyeyev et al. 2003; Ding et al. 2009 Ding et al. , 2012 . Moreover, GR2 plays important roles in several aspects of plant development, since mutation of GR2 is embryo lethal (Tzafrir et al. 2004; Marty et al. 2009 ) and GR2 is essential for root apical meristem maintenance (Yu et al. 2013 ). Our results confirmed that GR2 is essential for embryo development ( Figure S1 ). The gsh1 mutation, which disrupts glutathione synthesis, was also shown to be embryo lethal, but seed development of the homozygous gsh1 mutant was blocked at the torpedo stage (Cairns et al. 2006 ). This suggests that a deficiency in GR2 leads to embryo lethality through a different mechanism from deficiency in GSH synthesis. We showed that a reduction in GR2 results in early onset of age-dependent and dark-and H 2 O 2 -induced leaf senescence (Figures 3, 4, 7 and 8 ) . Thus, GR2 is an important regulator of leaf senescence in Arabidopsis. However, the expression pattern of GR2 did not affect the onset of agedependent leaf senescence in the wild type, since GR2 is already highly expressed in mature leaves (Figure 1) . The finding that growth of GR2 RNAi seedlings was retarded ( Figure 3B ) suggests that GR2 may promote growth.
How does GR2 regulate leaf senescence? Our results showed that large reductions in GR2 increased H 2 O 2 accumulation in developing young leaves, mature leaves, and senescent leaves (Figure 6 ), indicating that GR2 is important for maintaining H 2 O 2 homeostasis during leaf development in Arabidopsis. However, H 2 O 2 accumulation varies throughout leaf development in GR2 RNAi plants. The level of H 2 O 2 increased significantly in the developing young leaves of GR2 RNAi plants, peaking at 30 d after leaf emergence and then declining gradually ( Figure 6 ). Leaf senescence commenced directly after H 2 O 2 levels peaked in GR2 RNAi plants, as reflected by a decrease in chlorophyll content and F v /F m , an increase in MDA content and membrane ion leakage, and an induction of the senescence marker genes, SAG12 and SAG13 (Figure 4, 6 ). In addition, we observed that the leaves of GR2 RNAi plants turned yellow more rapidly than did those of wild-type plants following exposure to elevated levels of H 2 O 2 . The changes in the physiological parameters for leaf senescence further confirmed that GR2 RNAi plants underwent early onset of leaf senescence in response to elevated H 2 O 2 levels (Figure 7) . Furthermore, the endogenous levels of H 2 O 2 were higher in detached leaves from GR2 RNAi plants than in those from the wild-type plants when senescence-inducing dark treatment was applied ( Figure 8D ). As expected, compared with wild-type leaves, the leaves of GR2 RNAi plants showed an early senescence phenotype in response to darkness treatment, which was accompanied by a greater decrease in chlorophyll content and F v /F m and a greater increase in MDA content and membrane ion leakage as well as a greater increase in the expression of SAG12 and SAG13 ( Figure 8A, B) . Moreover, GR2 was highly expressed in wild-type senescent leaves (Figure 1 ). Taken together, these results suggest that early onset leaf senescence in GR2 RNAi plants is associated with H 2 O 2 accumulation.
Was early onset of leaf senescence in GR2 RNAi plants due to physiochemical damage to the cell caused by elevated H 2 O 2 or, alternatively, could elevated H 2 O 2 levels in GR2 RNAi plants act as a signal that activates the gene expression pathways 3 Figure 8 . Effects of darkness on detached leaves from wild-type (wt) and GR2 RNAi (igr2-7, igr2-9, and igr2-14) plants (A) Morphologies of leaves. Bars ¼ 5 mm. (B) Chlorophyll content, F v /F m , MDA content, and membrane ion leakage. The values are means AE SD of three independent experiments. (C) Expression of the senescence-related marker genes, SAG12 and SAG13. Transcript levels were determined by real-time PCR using ACT2 as an internal control. For SAG13, the relative transcript levels detected in wt after 3 d of dark treatment were assigned a value of 1 after normalization to ACT2 transcript levels. For SAG12, the relative transcript levels detected in the igr2-9 after 3 d dark treatments were assigned a value of 1 after normalization to the ACT2 transcript levels. The values are means AE SD of three independent experiments. (D) H 2 O 2 levels. The values are means AE SD of four to six independent experiments. The fourth rosette leaves at 20 d after emergence were used for dark treatments. that regulate senescence? ROS are proposed to play an essential role in leaf senescence. Indeed, previous studies showed that ROS accumulate during leaf senescence (Navabpour et al. 2003; Khanna-Chopra 2012) and high levels of ROS are present in the chloroplasts of ageing plants (Munn e and Alegre 2002). In addition, several SAGs are known to be induced in response to oxidative stress (Miller et al. 1999; Navabpour et al. 2003) . The connection between oxidative stress and leaf senescence is further supported by the finding that mutants with delayed leaf senescence, such as ore1, ore3/ein2, ore9, and gigantea, are resistant to oxidative stress (Kurepa et al. 1998; Woo et al. 2004 ), while mutants with accelerated leaf senescence, such as old5, aaf-OX, and Cdf1, are associated with disturbed cellular redox balance or hypersensitivity to oxidative stress (Schippers et al. 2008; Chen et al. 2011; Cui et al. 2013) . Recent genetic evidence suggests that altered ROS levels likely act as signals that are implemented in the developmental program of the leaf, causing early onset of senescence (Foyer and Noctor 2005; Queval et al. 2007; Zentgraf and Hemleben 2008; Smykowski et al. 2010) . In this study, we observed an early leaf senescence phenotype in GR2 RNAi plants after the leaves were exposed to high levels of H 2 O 2 (Figure 7) . We also observed an early leaf senescence phenotype in GR2 RNAi plants after a senescenceinducing dark treatment, which caused H 2 O 2 to accumulate (Figure 8 ). In addition, we showed that considerable levels of H 2 O 2 had already accumulated in the young leaves of GR2 RNAi plants and that H 2 O 2 peaked in leaves 30 d after emergence (Figure 6 ). At this stage, however, an apparent senescence phenotype was not visible and there were no significant Gene expression levels were quantified by real-time PCR and the relative expression rate (RER) was compared between igr2-9 and wild-type plants. Data represent means AE SD (n ¼ 3).
differences in the physiological parameters for leaf senescence between GR2 RNAi and wild-type plants (Figure 4 ). More importantly, the results from the microarray analysis show that genes involved in "leaf senescence" and "oxidative stress" were overrepresented in the leaves of GR2 RNAi plants at 20 d after leaf emergence (Figure 9 ), suggesting that the senescence-and stress-related genes were already induced at the developmental stage before senescence. To investigate how GR2 regulates leaf senescence, we compared the transcriptome of the igr2-9 line with that of wild-type Arabidopsis at different developmental stages before the onset of leaf senescence (Breeze et al. 2011 ) ( Figure S4 and Table S3 ). We analyzed the upregulated genes of transcriptome datasets from the report by Breeze et al. (2011) using GO::TermFinder as described in this study. We showed that the expression of genes related to response to oxidative stress", "response to ROS", "defense response", and "leaf senescence" is significantly overrepresented during the early stages of leaf senescence in wild-type Arabidopsis, similar to the finding for igr2-9. Breeze et al. (2011) showed that ROS response genes are induced early in leaf senescence. Most of these ROS response genes differ from those induced in igr2-9; 51 ROS response genes were upregulated 29 d after sowing (Breeze et al. 2011) and 41 ROS response genes were upregulated in igr2-9, but only 13 overlapped. However, these overlapping genes include some important senescencerelated genes, such as NAC2/ORE1/ANAC092 and SAG21 (Table S3 ). We investigated if elevated H 2 O 2 induced the expression of H 2 O 2 marker genes, such as glycosyltransferase family 61 protein, heat shock protein 17.6A, GSTU9, PAD3, WRKY53, and GSTU24, in igr2-9 plants (Vanderauwera et al. 2005; Gadjev et al. 2006; Queval et al. 2007; Sewelama et al. 2014) . Indeed, we observed that these H 2 O 2 marker genes were upregulated in the leaves of igr2-9 plants at 20 d after emergence (Table 2) . We also observed the induction of WRKY53, NAC2, and SEN1 in igr2-9 plants before senescence (Table 1) . WRKY53, SEN1, and NAC2 are marker genes for leaf senescence. It has been shown that WRKY53 and its regulators are induced by ROS (Zentgraf et al. 2010) . WRKY53 positively regulates developmental senescence and wrky53 knock-out mutants exhibit a delayed senescence phenotype. WRKY53 regulates senescence-associated gene expression and acts at an upstream position in the WRKY signaling cascade (Miao et al. 2004 ). SEN1 expression is associated with Arabidopsis leaf senescence and SEN1 is induced by oxidative stresses (Oh et al. 1996; Woo et al. 2004 ). The NAC2/ORE1/ANAC092 loss-of-function mutant shows a delayed leaf-senescence syndrome, whereas overexpression of At-NAC2 induces early senescence (Oh et al. 1997; Kim et al. 2009; Balazadeh et al. 2010) . Taken together, these results suggest that the elevated accumulation of H 2 O 2 in the leaves of GR2 RNAi plants acts a signal mediator for early leaf senescence.
H 2 O 2 can be produced in different cellular compartments, such as chloroplasts, mitochondria, peroxisomes, and the cytoplasm. H 2 O 2 pools in different cell compartments may have different effects on leaf senescence. Chloroplasts are thought to be the main target of age-associated oxidative stress in plants (Mun ne-Bosch and Alegre 2002) and play a principal role in the regulation of leaf senescence (Zapata et al. 2005; Mart ınez et al. 2008) . Peroxisomes and the ROS generated in these organelles play a central role in natural and dark-induced senescence in pea plants (del R ıo et al. 1998 ). Downregulation of CAT2 in peroxisomes, which results in accumulation of H 2 O 2 activates leaf senescence (Zimmermann et al. 2006; Smykowski et al. 2010 ). H 2 O 2 produced in peroxisomes upregulates genes involved in protein repair responses, whereas H 2 O 2 produced in chloroplasts induces early signaling responses, by upregulating the expression of transcription factors and biosynthetic genes involved in the production of secondary signaling messengers (Sewelam et al. 2014) . Cytoplasmic H 2 O 2 also induces leaf senescence, and it appears to have a greater role in senescence signaling than does peroxisomal H 2 O 2 (del R ıo et al. 1998; Bieker et al. 2012) . GR2 localizes to both chloroplasts and mitochondria (Creissen et al. 1995; Chew et al. 2003) . Since most of the GR activity is in the chloroplast (Edwards et al. 1990; Ding et al. 2009) , it is proposed that accumulated H 2 O 2 in GR2 RNAi plants resulted mainly from chloroplasts. Arabidopsis plants overexpressing glycolate oxidase in the chloroplast (GO5) represent an excellent system in which to study the action of H 2 O 2 as a signal molecule in chloroplasts (Fahnenstich et al. 2008) . Recently, Sewelam et al. (2014) investigated H 2 O 2 signaling from the chloroplast using GO5 plants. They found that genes related to "oxidative stress", defense response", "leaf senescence", and "phytohormone pathways" were overrepresented in GO5 plants after 8 h of H 2 O 2 production ( Figure S5 ). They also found that H 2 O 2 from chloroplasts induces early signaling responses, upregulating the expression of many transcription factors (Sewelam et al. 2014) . Indeed, we observed that the expression of many transcription factors was induced in the igr2-9 line (Table S2 ). NAC and WRKY transcription factors were shown to be the two largest groups of transcription factors differentially expressed in the senescence transcriptome (Guo et al. 2004 ). Some of Gene expression levels were quantified by real-time PCR and the relative expression rate (RER) was compared between igr2-9 and wild-type plants. Data represent means AE SD (n ¼ 3).
GR2 regulates leaf senescencethese transcription factors have been shown to be central regulators of senescence in wheat and Arabidopsis (Miao et al. 2004; Guo and Gan 2006; Uauy et al. 2006; Balazadeh et al. 2010 Balazadeh et al. , 2011 Breeze et al. 2011; Yang et al. 2011) . Many NAC and WRKY transcription factors were induced in igr2-9 and GO5 plants (Table S4) (Figure 8) . Therefore, H 2 O 2 in mitochondria and possibly also in peroxisomes may promote dark-induced leaf senescence in GR2 RNAi plants (del R ıo et al. 1998) . Recent studies demonstrated that glutathione status is central to the regulation of cell signaling under optimal and stress conditions Mhamdi et al. 2013; Schnaubelt et al. 2015) . Is the early leaf senescence in GR2 RNAi plants associated with changes in glutathione status? Studies of the cat2 knockout mutant under photorespiratory conditions showed that glutathione status plays an important role in the H 2 O 2 -dependent induction of salicylic acid and jasmonic acid signaling pathways (Mhamdi et al. 2010 Queval et al. 2012; Han et al. 2013a Han et al. , 2013b . To explore the role of changes in glutathione status in inducing leaf senescence in GR2 RNAi plants, we compared the transcriptome datasets of gr1, cad2, rml1, and cat2 plants with those of igr2-9 plants. We found that the expression of eight genes involved in jasmonic acid signaling was repressed in the gr1 mutant, whereas that of seven genes involved in jasmonic acid signaling was upregulated under long-day conditions (Mhamdi et al. 2010 ; Table S5 ). The expression of 34 and 58 genes involved in jasmonic acid signaling was repressed and up-regulated, respectively, in the cad2 mutant, which has impaired glutathione synthesis, under long-day conditions (Han et al. 2013a ; Table S6 ). Due to the limited number of genes upregulated in the gr1 and cad2 mutants (Tables S5, S6) , we were unable to identify genes associated with specific cellular processes by GO::TermFinder analysis. These results demonstrate that glutathione interacts with the jasmonic acid pathway. Studies of the cat2 gr1 and cat2 cad2 double mutants showed that glutathione status affects the ability of H 2 O 2 to activate the pathogenesis-related jasmonic acid and salicylic acid signaling pathways (Han et al. 2013a (Han et al. , 2013b Mhamdi et al. 2010 Mhamdi et al. , 2013 . Transcriptome analyses of the cat2 mutant, which has a modified glutathione status due to increased levels of H 2 O 2 , and the rml1 mutant, which has severely impaired glutathione synthesis, showed that genes involved in the jasmonic acid, salicylic acid, ethylene, and abscisic acid pathways as well as pathogenesis-related genes were highly upregulated in both cat2 and rml1 (Mhamdi et al. 2010; Schnaubelt et al. 2015) (Figures S6, S7 , Tables S7-9). Our results also showed that genes involved in jasmonic acid, salicylic acid, ethylene, and abscisic acid pathways as well as pathogenesis-related genes were overrepresented in igr2-9 (Figure 9 , Tables S7-9). Thus, our results suggest that the glutathione status of GR2 RNAi plants may affect leaf senescence by modulating phytohormone pathways and the expression of pathogenesis-related genes ( Figure 5) .
Glutathione is present in almost all cellular compartments, including chloroplasts, mitochondria, peroxisomes, and the cytosol (Mitter 2002). Oxidative stress may drive characteristic changes in the amounts of glutathione in different sub-cellular compartments. Increased intracellular H 2 O 2 availability preferentially drives glutathione accumulation in vacuoles and chloroplasts (Queval et al. 2011 ). We observed a significant increase in H 2 O 2 levels and glutathione accumulation in the leaves of igr2-9 and igr2-14 plants than in those of the wild type before a leaf age of 30 d after emergence (Figures 5, 6 ). Whether such an increase in H 2 O 2 levels drives the changes in glutathione accumulation in different cellular compartments in igr2-9 and igr2-14 plants is not clear. It has been reported that about 70% of total GR activity is in the chloroplast (Edwards et al. 1990 ) and that decreased chloroplastic GR activity results in significant accumulation of H 2 O 2 in chloroplasts (Ding et al. 2009 ). In addition, increased H 2 O 2 drives a substantial increase in GSSG accumulation in the chloroplast (Queval et al. 2011) . Therefore, we expect that there should be a significant increase in GSSG accumulation in the chloroplast of GR2 RNAi plants when H 2 O 2 is increased. GSSG accumulation in chloroplasts could reflect oxidation of GSH already present in the chloroplast in GR2 RNAi plants with increased levels of endogenous H 2 O 2 and have important consequences for redox regulation in this compartment. This redox regulation as a signaling mechanism in the chloroplast plays an important role in regulating leaf senescence as discussed above. GR2 also localizes to mitochondria and thus H 2 O 2 should also accumulate in mitochondria in GR2 RNAi plants. Therefore, it is most likely that there is an accumulation of glutathione in mitochondria in GR2 RNAi plants. Whether and how glutathione accumulation is affected in other subcellular compartments, such as vacuoles, peroxisomes, nuclei, and the cytosol, in GR2 RNAi plants remains to be determined.
In this study, we showed that decreased GR2 resulted in early onset of age-dependent and dark-and H 2 O 2 -induced senescence in Arabidopsis. Previous studies showed that lines overexpressing chloroplastic GR had a normal phenotype under normal growth conditions in poplar trees, cotton, and tobacco plants, but displayed enhanced resistance to photoinhibition (including chilling-induced photoinhibition) and oxidative stress (Aono et al. 1993; Broadbent et al. 1995; Foyer et al. 1995; Payton et al. 2001; Kornyeyev et al. 2003) . These studies suggest that overexpression of chloroplastic GR may protect plants against various environmental stresses. Thus, we propose that Arabidopsis lines overexpressing GR2 display a delayed senescence phenotype under environmental stress conditions, but a normal phenotype under normal growth conditions.
In conclusion, we showed that decreased GR2 led to early onset of age-dependent and dark-and H 2 O 2 -induced leaf senescence. Our results suggest that the elevated levels of H 2 O 2 and modified glutathione status in GR2 RNAi plants act as signals that mediate early leaf senescence. Thus, GR2 is an important regulator of leaf senescence in Arabidopsis.
MATERIALS AND METHODS
Plant materials and growth conditions All of RNAi lines and mutants used in this study were derived from the wild-type Arabidopsis thaliana Columbia (Col-0) ecotype and cultivated in growth chambers with a photosynthetic photon flux density of 100 mmol m À2 s À1 , a relative humidity of 75%-80%, a temperature of 22 AE 1°C and a photoperiod of 16/8 h light/dark. The T-DNA insertion gr2 mutant (SALK_040170) was obtained from the Arabidopsis Biological Resource Center (ABRC) and PCR was used to confirm homozygosity of gr2 with the primers GR2LP and GR2RP (see Table S1 ). For rapid PCR screening of mutants and RNAi plants, genomic DNA was extracted for analysis as described in our previous study (Zhong et al. 2013) . Leaf areas were measured using an LI-3000 A Portable Area Meter (LI-Cor).
Analyses of H 2 O 2 -and dark-induced senescence For H 2 O 2 -induced senescence, the fourth rosette leaves at 20 d after emergence were incubated in 3 mM MES buffer (pH 5.8) in the presence of 10 mM H 2 O 2 for 3 d. For dark-induced senescence, the fourth rosette leaves at 20 d after emergence were incubated in 3 mM MES buffer (pH 5.8) and then transferred to complete darkness for periods of up to 6 d.
GR activity assay and quantification of GSH content Glutathione reductase activity was determined by monitoring the rate of GSH formation at 412 nm, as described in our previous study (Ding et al. 2009 ). The in vivo glutathione level was quantified by reverse-phase HPLC after derivatization with monobromobimane, according to established procedures (Strohm et al. 1995) .
Physiological assays for leaf senescence
The fourth rosette leaves of individual plants were used to determine physiological parameters for leaf senescence, including chlorophyll content, F v /F m , MDA content, and membrane ion leakage. Chlorophyll content and F v /F m were measured according to our previous study (Ding et al. 2012) . MDA content was measured according to Hodges et al. (1999) . Membrane ion leakage was analyzed by monitoring electrolytes released from leaves using a bench-top conductivity meter (CON500, CLEAN Instruments), according to Chen et al. (2011) .
Detection and measurement of ROS in leaves
Total leaf H 2 O 2 content was determined by spectrometric assay according to the improved method of Veljovic-Jovanovic et al. (2002) . Leaves were ground to a fine powder in liquid nitrogen and the powder was extracted in 1 M HClO 4 and 5% insoluble PVP. The homogenate was centrifuged at 12,000 g for 10 min at room temperature and the supernatant was neutralized with 5 M K 2 CO 3 to pH 5.6 in the presence of 50 mL 0.3 M phosphate buffer (pH 5.6). The homogenate was centrifuged at 12,000 g for 1 min at room temperature to remove KClO 4 . The sample was incubated prior to assay for 10 min with 1 U ascorbate oxidase (Sigma, Watford, UK) to oxidize ascorbate and thereby eliminate the interference of ascorbate. The reaction mixture consisted of 0.1 M phosphate buffer (pH 6.5); 3.3 mM 3-(dimethylamino) benzoic acid; 0.07 mM 3-methyl-2-benzothiazolinone hydrazone; and 50 ng horseradish peroxidase (Sigma, Watford, UK). The reaction was initiated by the addition of an aliquot of the sample. The absorbance change at 590 nm was monitored at 25°C. To eliminate lipid peroxide interference, a parallel aliquot for each sample was incubated for 10 min with 1 U catalase (Sigma, Watford, UK) to catalyze H 2 O 2 . The lipid peroxide content was then determined using the same procedure as described above and subtracted from each sample. For each assay, the H 2 O 2 content in the extract was quantified relative to an internal standard. For in situ detection of H 2 O 2 , detached leaves were vacuum-infiltrated with 1 mg mL À1 3,3 0 -diaminobenzidine (DAB) solution (pH 3.8) for 5 min and incubated in the dark at room temperature for 6 h ( Thordal-Christensen et al. 1997) . For in situ detection of O 2
•À , detached leaves were vacuuminfiltrated with 1 mg mL À1 nitroblue tetrazolium (NBT) solution in 10 mM potassium phosphate buffer (pH 7.8) for 5 min and incubated for 20 min in darkness at room temperature (KawaiYamada et al. 2004) . Stained leaves were cleared by boiling in acetic acid/glycerol/ethanol (1:1:3, v/v/v) solution before photographs were taken. Imaging of singlet oxygen production was performed as described by Flors et al. (2006) . Briefly, detached leaves were immersed in 10 mM SOSG (Invitrogen) and 50 mM phosphate buffer (pH 7.5) for 2 h in darkness and then transferred to light conditions for 4 h. Following excitation of SOSG by UV light, fluorescence images were acquired with a charge-coupled device camera (Olympus) with a Green Fluorescent Protein A (GFPA) interference filter in the objective. Fluorescence intensity was determined using ImageJ software (http://rsb.info.nih.gov/ij/) and the background was subtracted from the readings.
Microscopy of developing seeds
Developing seeds were analyzed by microscopy (Leica DMRBE) according to Meinke (1994) . Seeds were removed from the siliques of wild-type and heterozygous gr2 plants and cleared in Hoyer's solution (3.75 g of gum arabic, 50 g of chloral hydrate, and 2.5 mL of glycerol in 15 mL of water). Cleared seeds were then observed by light microscopy (Leica DMRBE) using differential interference contrast.
Antiserum production
For the production of polyclonal antibodies against GR2, the nucleotide sequence encoding a specific part of GR2 was amplified from cDNA (for primers used, see Table S1 ). The resulting DNA fragment was fused in frame with the N-terminal His affinity tag of pET28a, and the resulting plasmids were transformed into Escherichia coli strain BL21 (DE3). The fusion proteins were purified on a nickel-nitrilotriacetic acid agarose resin matrix and polyclonal antibody was raised in rabbit using the purified antigen. In immunoblot analyses, the dilution ratio for the antibody against GR2 was 1:2000.
Immunoblot analysis
Total leaf proteins were separated using 15% SDS polyacrylamide gels containing 6 M urea. After electrophoresis, the proteins were transferred electrophoretically to polyvinylidene difluoride membranes (Amersham Biosciences, Waukesha, Wisconsin, USA), probed with specific primary antibodies, and visualized using the enhanced chemiluminescence method (Ding et al. 2012 ).
GR2 promoter construction and GUS staining GR2 pro :GUS was generated by amplifying the 2-kb sequence upstream of the GR2 translation start sites and subcloning the GR2 regulates leaf senescencefragment into the pCAMBIA 1381Z binary vector (for primers used, GR2pro1 and GR2pro2, see Table S1 ). Plant samples were incubated in staining solution (50 mM sodium phosphate buffer, pH 7.2, 0.2% Triton X-100, 10 mM potassium ferrocyanide, 10 mM potassium ferricyanide, and 1 mM 5-bromo-4-chloro-3-indolyl-b-D-glucuronic acid, cyclohexylammonium salt) at 37°C overnight. Samples were then washed in 70% ethanol before photographs were taken (Zhong et al. 2013 ).
RNAi and complementation of the gr2 mutant To obtain RNAi plants, the partial coding region for GR2 (at3g54660) was amplified with igr2 sense and igr2 antisense primers (Table S1 ) and cloned into the pKANNIBAL vector between the XbaI-HindIII sites in the sense orientation and the XhoI-EcoRI sites in the antisense orientation. The construct generated in pKANNIBAL was subcloned as a Notl fragment into pART27. The resultant construct was transformed into the Agrobacterium tumefaciens GV3101 strain and introduced into Arabidopsis plants (Ding et al. 2009 ). For complementation of gr2, the cDNA containing the coding region of GR2 was amplified by PCR with atgr2 primers (Table S1 ) and subcloned into the plant expression vector pCAMBIA1301 under the control of P35S. The resulting plasmid was introduced into heterozygous gr2 plants.
RNA isolation and real-time PCR
Total RNA was isolated using TRIZOL reagent (Sigma-Aldrich) according to the manufacturer's instructions. Next, 500 ng of total RNA was used as template to generate the first-strand cDNA in a 100 mL reaction with the Superscript II cDNA synthesis system (Invitrogen), according to the manufacturer's instructions. The resulting cDNA samples were used for real-time PCR using MÂ3000P (Stratagene) with SYBR Green I (Invitrogen), according to the manufacturers' protocols. Primer pairs for real-time PCR were designed with the open-source PCR primer design program DNAMAN version 1.1.10 around an intron to obtain a PCR product of 200 to 400 bp. The primer sequences are available in Table S1 . The presence of a single PCR product was verified by melt-curve analysis and gel electrophoresis.
Microarray analysis
Microarray analysis was conducted using commercial oligonucleotide microarrays (Genechip Arabidopsis ATH1 genome arrays, Affymetrix). Three biological replicates were used for both wild-type and igr2-9 plants. Each replicate (200 mg) was based on the fourth leaves with an age of 20 d after emergence. Standard Affymetrix protocols were followed throughout. The data were analyzed using GeneSpring GX 11.00. A change in signal of at least twofold compared with the wild type was considered meaningful, if present in all three biological replicates. The distribution of gene ontology (GO) annotations of genes upregulated in igr2-9 plants was processed using the web-based program at TAIR (http:// www.arabidopsis.org). GO-specific terms were investigated using GO::TermFinder (Boyle et al. 2004) . P-values were calculated using Fisher's test (Agresti 1992) . Statistical analysis was carried out using Student's t-test. A significant difference between the control and experimental groups was considered with P<0.01. 
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